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MESH ARCHITECTURE FOR
SYNCHRONOUS CROSS-CONNECTS

FIELD OF THE INVENTION

The present invention relates generally to communication
networks, and more specifically relates to a synchronous

cross-connect including a mesh architecture for routing data
through the cross-connect.

BACKGROUND OF THE INVENTION

Communication networks are generally based on either a
packet-switching protocol, a circuit-switching protocol, or
some combination of the two, such as, for example, an
asynchronous transfer mode (ATM) protocol. In a packet-
switching protocol, messages are divided into packets betfore
they are sent. Each packet 1s then mdividually transmitted
and can even follow different routes to 1ts destination based
on routing information contained 1n the packet. Once all the
packets forming a given message arrive at the target desti-
nation, they are recompiled into the original message. In a
circuit-switching protocol, on the other hand, the message
path 1s determined prior to sending the data. A dedicated
channel 1s allocated for transmission between a source and
a destination. Because routing 1s predetermined, transmitted
messages need not include routing information, as in the
case of packet switching. Circuit switching 1s 1deally suited
for applications 1n which data must be transmitted quickly
and must arrive 1n the same order in which 1t was sent. For
this reason, most real-time data applications, such as, for
example, live audio and/or video streaming, employ a cir-
cuit-switching protocol.

Time Division Multiplexing (TDM), which 1s a well-
known circuit-switching protocol, allocates multiple data
streams to respective time slots and repeatedly transmits a
fixed sequence of time slots over a single transmission
channel. TDM 1s predominantly used in telecommunications
networks. Synchronous network protocols, such as, for
example, Synchronous Optical Network (SONET) and Syn-
chronous Data Hierarchy (SDH) use TDM to transport voice
and data through the core of the network. A more detailed
description of these and other conventional protocols may be
found, for example, 1n the articles D. Bertsekas et al., “Data

networks, Second Edition,” Prentice Hall (1992), J. Goral-
ski, “SONET, Second Edition,” McGraw-Hill, USA (2000),
R. Perlman, “Interconnections: Bridges, Routers, Switches
and Internetworking Protocols,” Addison-Wesley (1997), M.
Sexton, “Broadband Networking: ATM, SCH, and SONET,”
Artech House, Mass. (1997), S. Kershav, “An Engineering,
Approach to Computer Networks,” Addison-Wesley (1997),
A. Tannenbaum, “Computer Networks,” Prentice Hall
(1996), D. Comer, “Internetworking with TCP/IP,” NIJ:
Prentice Hall (2000), all of which are incorporated herein by
reference.

One class of switches known as non-blocking cross-
connect switches are typically employed 1n a synchronous
TDM network. A connection between an mput and an output
of a switch 1s considered to be blocked 11 there 1s no signal
path available through the switch. Signal paths must be
simultaneously established for all connections 1n the syn-
chronous TDM network, a condition which 1s a requirement
for admission of a new connection. A non-blocking cross-
connect switch must guarantee transmission of data through
the switch at a specified aggregate transmission rate. Some
conventional approaches to designing non-blocking cross
connects include time-division switching, space-division
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2

switching, and multistage switching which 1s essentially a
combination of time-division and space-division switching.

Each of the above techniques for routing data through a
network, however, incorporate certain undesirable charac-
teristics. Accordingly, there exists a need for a cross-connect
architecture for use i1n a circuit-switching network that
overcomes the disadvantages of conventional methodolo-

g1es.

SUMMARY OF THE

INVENTION

-

The present invention provides techniques for forming
architectures for synchronous cross-connects. Techniques
according to the invention exploit desirable and useful
properties of a distributed mesh topology to provide a
solution to conventional crossbar-based architectures. For
example, the architectural complexity of the present inven-
tion increases only linearly with aggregate bandwidth, as
compared to quadratically with a conventional crossbar
architecture. Furthermore, the architecture of the invention
1s easily scalable, for example, by simply tiling primary
functional blocks. The cross-connect architecture of the
present invention requires only local communication and 1s
therefore very amenable to fabrication on a semiconductor
integrated circuit (IC) device. It 1s also optimal for area-
based tlip-chip mput/output (I/O) packaging. Regularity in
the design allows the architecture of the present invention to
be scaled with process technology and to be easily extended
to multi-chip implementations for forming multi-terabit sys-
tems.

In accordance with one aspect of the mvention, a syn-
chronous cross-connect switch includes a mesh architecture
having a plurality of inputs for receiving one or more data
samples presented to the cross-connect switch. The mesh
architecture includes a plurality of nodes operatively inter-
connected with one another using one or more half-duplex
links. Each of the nodes 1n the mesh architecture includes a
receiver, a transmitter, and an mmput time-slot-interchanger
(TSI) coupled to a first hali-duplex link and to the receiver,
the input TSI being configured to selectively reorder one or
more samples received by the receiver. Each of the nodes
further includes an output TSI coupled to a second hali-
duplex link and to the transmitter, the output TSI being
configured to selectively reorder one or more samples to be
transmitted by the transmitter, and a controller operatively
coupled to the receiver and transmitter. The controller 1s
configured to selectively route a sample to at least an output
of the cross-connect switch or an adjacent node 1n the mesh
architecture.

In accordance with another aspect of the ivention, a
method of routing one or more samples through a cross-
connect switch, the cross-connect switch including a plural-
ity of nodes operatively coupled 1n a mesh arrangement,
cach of the nodes including one or more time-slots associ-
ated therewith, 1includes the steps of: precomputing one or
more routing sequences, the routing sequences reducing a
routing 1n the mesh to a one-to-one routing within each of
the time-slots; reordering the samples within one or more
source nodes in accordance with the precomputed routing
sequences; routing the samples from the one or more source
nodes to one or more corresponding destination nodes
through the mesh; and reordering the samples within the
destination nodes, whereby the samples are transmitted
during a correct time-slot.

These and other features and advantages of the present
invention will become apparent from the following detailed
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description of illustrative embodiments thereof, which 1s to
be read 1in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graphical representation illustrating a time-
division multiplexing architecture.

FIG. 2 1s a graphical representation 1llustrating a space-
division multiplexing architecture.

FI1G. 3 1s a schematic diagram 1llustrating an nxn crossbar
switch.

FI1G. 4 1s a graphical representation 1llustrating a 16-input
multistage crossbar switch.

FIG. 5 1s a graphical representation 1illustrating a time-
space-time (I'ST) switch implemented using a crossbar.

FIG. 6 1s a block diagram depicting an exemplary
1 6-channel cross-connect implemented using a 4x4 mesh, 1n
accordance with one aspect of the present invention.

FIG. 7 1s a graphical representation depicting a three-
dimensional model of the 4x4 mesh shown in FIG. 6, in
accordance with the present invention.

FIG. 8 1s a block diagram depicting an exemplary node,
in accordance with one aspect of the present invention.

FIG. 9 1s a graphical representation illustrating a routing,
conilict 1n a mesh.

FI1G. 10 1s a graphical representation 1llustrating a source-
to-destination channel/time-slot map, 1n accordance with the
present mvention.

FIG. 11 1s a graphical representation illustrating a corre-
spondence between the source-to-destination channel/time-
slot map depicted 1n FIG. 10 and a bipartite graph repre-
sentation of the corresponding routing, 1n accordance with
the present mnvention.

FIG. 12 1s a graphical representation 1llustrating a reduc-
tion of the 3-regular bipartite graph depicted 1n FIG. 11 to a
2-regular bipartite graph, in accordance with the present
invention.

FIG. 13 1s a graphical representation illustrating a reduc-
tion of the 2-regular bipartite graph depicted 1n FIG. 12 to
a 1-regular bipartite graph, in accordance with the present
invention.

FIG. 14 1s a graphical representation illustrating a per-
mutation of the source-to-destination channel/time-slot map
of FIG. 10, in accordance with the present invention.

FIG. 15 1s a graphical representation illustrating an exem-
plary store-and-forward routing on a one-dimensional mesh
including five nodes, in accordance with the present inven-
tion.

FIG. 16 15 a graphical representation of an exemplary 4x4
mesh 1implementation of a 16-node 2D cross-connect illus-
trating an instance of a one-to-one routing problem, in
accordance with the present invention.

FIG. 17 1s a graphical representation illustrating an asso-
ciated column bipartite graph representation, in accordance
with another aspect of the invention.

FIG. 18 1s a graphical representation of the exemplary
mesh of FIG. 16 illustrating an instance of a one-to-one
routing problem after column permutations have been per-
formed, 1n accordance with the present invention.

FIG. 19 1s a graphical representation of an exemplary
mesh of FIG. 16 illustrating an instance of a one-to-one
routing problem after row permutations have been per-
formed, 1n accordance with the present invention.

FI1G. 20 1s a graphical representation of an exemplary 4x4
mesh of FIG. 16 illustrating an instance of a one-to-one
routing problem after a second column permutations have
been performed, 1n accordance with the present invention.
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FIG. 21 1s a graphical representation depicting a three-
dimensional model of an exemplary multi-chip implemen-
tation of the 4x4 mesh of FIG. 7 including an expanded
number of time-slots, 1n accordance with another aspect of
the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

FIG. 1 illustrates a time-division switching or multiplex-
ing scheme which includes a time-slot interchanger (TSI)
100. The TSI 100 1s typically implemented as a builer
having a single input line 102 and a single output line 104,
but these lines carry samples from n distinct channels that
are multiplexed by a multiplexor (MUX) 106. The different
order of samples on the output line 104, when passed
through a demultiplexer (DEMUX) 108, results in the n
samples being placed on corresponding output lines of the
DEMUX 108. In essence, the TSI 100 switches samples by
rearranging the order of the samples on a multiplexed line.

The process of reordering the samples 1s repeated every n
clock cycles and 1s referred to as the period of the TSI. In
practice, the TSI 100 1s often comprised of two bullers, one
bufler being used for reading data and another builer being
used for writing data during a given TSI period. At the
completion of a TSI period, the TSI buflers switch function
(1.e., the bufler used for reading data during a TSI period 1s
used for writing data during the next TSI period, and vice
versa). Withun a given TSI period, the clock cycle in which
a sample arrives 1s referred to as the mput time-slot. The
clock cycle 1n which the sample 1s read from the TSI builer
1s referred to as the output time-slot. The function of the TSI
bufler 1s to transfer samples from an mput time-slot to an
output time-slot. In addition to the n-byte butler, a memory
with n elements 1s required to store the mappings from input
time-slots to output time-slots for each sample mm a TSI
period. This 1s generally referred to as a connection memory
or connection map.

The TSI has an advantage of being very simple, both
conceptually and architecturally. Configuring the TSI
amounts to merely updating connection memory in the TSI.
Furthermore, the TSI 1s able to support multicasting, which
1s when one input channel gets mapped to more than one
output channel. A TSI supports this function by simply
mapping an mput time-slot to multiple output time-slots.
The TSI, however, 1s not well-smited to building high
bandwidth switches. For example, a cross connect with a
one Terabit per second (Tbit/s) aggregate bandwidth
requires a TSI memory having at least one Tbit/s of memory
bandwidth. Using present very large scale integration
(VLSI) technology, 1t 1s not possible or practical to construct
a byte-addressable memory with more than a few Gigabits
per second (Gbit/s) of memory bandwidth. An access time of
less than one nanosecond (ns) 1s very diflicult to achieve for
an appropriately sized memory. The memory bandwidth can
be increased by employing multiport memory and allowing
multiple simultaneous memory accesses. However, each
additional memory port comes at the expense of additional
integrated circuit (IC) chip area and cost. Even 100 Gbit/s
multiport memory would be prohibitively large using cur-
rent VLSI technology.

FIG. 2 1llustrates a space-division switching or multiplex-
ing scheme which includes an interconnection network 200.
In space-division multiplexing, a spatially distinct signal
path carries samples from a source channel to a destination
channel. The samples are multiplexed by a multiplexor

(MUX) 202 and stored 1n a bufler 204 before being sent to
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a demultiplexer (DEMUX) 206. Each sample 1s associated
with a different signal path through the switching mecha-
nism, depending on 1ts destination. The interconnection
network 200 1s used to connect all input channels to their
destination output channel. Since the primary focus herein is >
on non-blocking cross-connects, the interconnection net-

work 200 must effectively behave as non-blocking for all
connections.

The design and analysis of interconnection networks 1s a
tfundamental topic of study 1n the computer architecture and
parallel processing research community. Many of these
architectures have been reported which make tradeoils
between functionality, performance, and complexity. Typi-
cally, domain-specific knowledge 1s employed to select the
best architecture. In the case of synchronous cross-connects,
the tradeofls that are usually considered are between
throughput, latency, and hardware complexity.

10

15

One well-known 1nterconnection network for use with a
space-division switch 1s a crossbar. An illustrative crossbar
arrangement 1s depicted in FIG. 3. Samples arrive on rows
300 and are output on columns 302. Active clements,
generally referred to as cross-points, are placed at each
intersection between input and output lines. When a par-
ticular cross-point 1s active 304, a signal path 1s formed from
an mput line (e.g., mput 2) to a corresponding output line
(e.g., output 3). If the mput lines are not multiplexed, a
crossbar always connects the same mputs to the same
outputs. However, 1 the mput lines carry multiplexed
samples, as 1s often the case, and the samples have different
destinations, a crossbar requires a schedule that determines
which cross-points in the crossbar to activate during a given
sample period. Based upon this schedule, samples are trans-
terred from the selected input to the selected output.

20

25

30

A crossbar 1s internally non-blocking (1.e., no sample 1s ;4
blocked 1n the switch waiting for an output line). However,
a crossbar may be externally blocking. If two samples are
assigned to the same output at the same time, then there 1s
a collision and one of the samples cannot be transmitted at
that time. Therefore, 1t 1s required that the crossbar be 4
scheduled so that there are no collisions. Implementation of
this crossbar schedule may be quite complex, requires added
overhead circuitry and IC area, and may increase latency, all
of which are undesirable characteristics of the conventional
space-division switching technique. 45
An mxm crossbar uses m> cross-point elements and is
therefore costly to implement, particularly for large values
of m, where m 1s the number of channels 1n the crossbar.
Since only m of the m*® cross-points are active at any given
time, there 1s a large degree of redundancy. This mnetliciency 50
has been addressed through the use of multistage switches,
an example of which 1s depicted 1n FIG. 4. In a multistage
switching scheme, the mputs of the multistage switch are
generally divided into arrays which are internally switched
by a crossbar. Multiple signal paths between mput arrays 55
402 and output arrays 404 share center stage arrays 400, thus
reducing the overall number of cross-points. During each
time-slot, each array in the multistage switch must be
rearranged. In a typical multistage switch, the first or input
stage contains N/n arrays of size nxk, the second or center 60
stage contains k arrays of size N/nxN/n, and the third or
output stage contains N/n arrays of size kxn, where N 1s the
number of channels 1n the crossbar, n 1s the number of 1nputs
in each of the arrays 402, 404 1n the first and last stages,
respectively, and k 1s the number of arrays 400 1n the second 65
stage. A conventional multistage crossbar with N=16, n=4,

and k=4 1s shown in FIG. 4.

6

Clos proved that i k=n, a schedule can be found which
makes the multistage crossbar non-blocking. The multistage
crossbar 1s therefore commonly referred to as a Clos net-
work or Clos architecture. A more detailed description of

Clos networks may be found, for example, 1n the articles C.
Clos, “A Study of Non-Blocking Switching Networks,” Bell
Labs Technical Journal, pp. 406424 (1952), and S. Kumar
et al., “An Algorithm for Control of a Three Stage Clos-Type
Interconnection Network,” Fourth IEEE Region 10 Interna-
tional Conference, pp. 794797 (1989), which are incorpo-
rated herein by reference.

Crossbar-based cross-connects have advantages of low
latency, high throughout and some degree of scalability.
However, crossbar-based cross-connects may be externally
blocking, since samples from two or more mput channels
maybe undesirably connected to the same output channel.
The only way to avoid this 1s to have the crossbar run n times
faster, which 1s impractical.

Conventionally, 1n order to avoid external blocking, time-
division switching has been combined with space-division
switching. As stated above, a TSI can be viewed as rear-
ranging samples on the mput and output lines of a spatial
switch. In time-space-time (1ST) switching, the outputs of
many TSIs are fed into a space-division switch. If the time
or T-stage were missing, then at a given time, there might be
many inputs of the space or S-stage destined for the same
output, which would cause blocking. By rearranging the
order in which the S-stage receives samples, a degree of
freedom can be gained 1n selecting the S-stage schedule. At
the output of the S-stage, another set of TSIs at the output
lines rearrange the samples to deliver them to the output
channels at the correct time-slot.

The use of time-division switching to avoid collisions 1n
a space-division switching architecture 1s illustrated 1in FIG.
5. With reference to the example of FIG. S, there are four
channels 500, each channel 500 having four time-slots.
Consider the samples that arnve during time-slot 1. Note,
that two samples which arrive during this time-slot are
destined for channel 3. If these two samples were directly
iput to a crossbar switch, a collision would result at the
output. By using the TSIs 502 to reorder the samples within
cach channel 500, it 1s possible to avoid collisions by having
the samples directed to channel 3 permuted to diflerent
time-slots.

i

I'ST switching using multistage crossbars as the S-stage
1s the most common architecture for conventional high-end
cross-connects. However, there are several disadvantages
with this conventional architecture. Although the multistage
switching architecture is scalable, 1ts scalability 1s severely
limited. First, as the number of channels n increases, the
required hardware increases proportionally with n*. Second,
the crossbar arrangement 1s not well-suited for convenient
implementation 1n a VLSI integrated circuit. Typically, a
crossbar IC layout requires many intersecting connections
that span the entire area of the crossbar. This leads to wiring
congestion, resistance-capacitance (RC) delays due to long
interconnects, and associated design challenges required to
make the design routable and close 1n timing. In addition,
there are various electrical problems 1nherent in such archi-
tecture, such as, but not limited to, signal crosstalk, charge
collecting antenna, and other electrical impairments that
undesirably effect mixed signal circuits. Third, the conven-
tional architecture, when scaled, lacks the tlexibility to meet
many design criteria without significant redesign, due to the
precise number of stages, the number of components per
stage, and the number of inputs per stage component.
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The present invention, as will be described herein in
conjunction with an illustrative Synchronous Optical Net-
work (SONET), realizes at least some of the drawbacks
associated with the approaches described above. It should be
appreciated, however, that the techmiques of the present
invention are not limited to this or any type of synchronous
network. Rather, the invention 1s more generally applicable
to any circuit-switching network, such as, for example, a
time-division multiplexing (TDM) network.

A TDM circuit-switching network transports data
samples, the smallest unit of data that 1s carried through the
network. In a voice communications environment, for
example, a sample 1s commonly 8-bits long and corresponds
to 125 microseconds (us) of sampled voice information
derived from a single 64K bits per second (bps) voice
channel. For simplicity, the term “sample” i1s often used
interchangeably with the term “byte” since a byte 1s the most
common sample size 1 the TDM network. It 1s to be
appreciated, however, that a sample can convey any type of
data, not merely voice data, and that the sample size 1s not
limited to a particular number of bits. Unlike 1n a conven-
tional packet-switching protocol, the sample 1n the circuit-
switching protocol of the present invention 1s not required to
include a header portion describing its source or destination.
Rather, the destination of a particular sample 1s inferred from
the physical channel on which it 1s carried and the particular
time at which the sample 1s placed on the channel (e.g., the
position of the sample 1n a frame).

The term “channel” as used herein 1s intended to include
any transmission-type media, such as, but not limited to,
digital and analog communication links, wired or wireless
communication links using transmission forms, such as, for
example, radio frequency and optical transmissions, etc., or
metal traces on a printed circuit board (PCB). A channel has
a certain data rate associated therewith which determines
how many samples per second can be transmitted on that
particular media. Lower rate channels can be aggregated 1into
a single higher rate channel by using, for example, multi-
plexors, as understood by those skilled in the art. Likewise,
lower rate channels can be extracted from a higher rate
channel by using, for example, demultiplexers.

A circuit-switching network such as SONET includes
network element nodes interconnected with optical links to
selectively construct different topologies, such as, for
instance, rings. The function of the network element nodes
1s to multiplex lower rate channels 1nto higher rates chan-
nels, demultiplex higher rate channels into lower rate chan-
nels, and to switch data between diflerent channels. TDM
channels can be selectively added and dropped in the
network hierarchy through the use of one or more Add/Drop
Multiplexors (ADM). Connections between channels are
preferably switched with cross-connect switches or cross-
connects. In addition to switching data between channels,
cross-connects provide network protection by rapidly estab-
lishing new connections between channels when a signal
path or link fails. An important challenge in the design of a
cross-connect network 1s that 1t must have a bandwidth large
enough to switch all data that 1s aggregated at the network
core, which 1s presently 1n the terabit range.

In accordance with one aspect of the mvention, TDM
signals are preferably routed using a time-space-time (TST)
switching architecture. The general TS'T switching architec-
ture was previously described 1 connection with a multi-
stage crossbar arrangement, as shown in FIG. 5. However,
instead of using a multistage crossbar as a space-stage or
S-stage switch, as 1s conventionally done, the present inven-
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tion uniquely exploits the properties of a mesh topology
which 1s employed as an iterconnection network for syn-
chronous cross-connects.

By way of example only, FIG. 6 illustrates an architecture
utilizing a 4x4 mesh 600 to implement a 16-channel cross-
connect switch, in accordance with the present invention. As
apparent from the figure, the mesh 600 can be viewed as a
two-dimensional (2D) array of nodes 602 operatively inter-
connected with adjacent nodes 602 in the array using a
plurality of half-duplex links 604. The nodes 602 can be
referenced according to their column and row positions in
the mesh 600. Each node 602 preferably includes at least one
channel that receives and transmits data samples to and from
the cross-connect. Each sample that arrives on a given
receive channel associated with a node 1s subsequently
forwarded to a particular transmit channel i the node. The
channel that a sample 1s recerved on may be considered the
source channel and the channel that the sample 1s transmit-
ted from may be considered the destination channel. The
sample 1s preferably selectively routed through the mesh 600
by being transferred from a source channel to a destination
channel of a predetermined node(s). When the transmit
channel receives a sample, the sample must be transmitted
with the correct timing so that it 1s properly synchronized
with other samples that are transmitted during the same time
interval from other channels 1n the mesh architecture. Pret-

erably, buflering 1s employed to insure correct timing.

One way to visualize the mesh architecture of the present
invention 1s to employ a three-dimensional (3D) model with
time being represented in the third (t-axis) dimension, as
illustrated 1n FIG. 7. With reference to FIG. 7, there 1s shown
an exemplary 16-channel cross-connect architecture imple-
mented using a 4x4 mesh 700, with each node 702-1.1
through 702-4,4 including three time-slots T1, T2, T3. It 1s
to be appreciated that although a 4x4 mesh 1s shown
primarily for ease of explanation, the techmiques of the
present invention described herein maybe extended to any
1x] mesh, with each node 1n the mesh including t time-slots,
where 1, 1 and t can be any integer greater than zero. The
coordinates (1,)) may be used to specily a particular node
address, while the coordinate t may be used to specily a
particular time-slot 1n a given node. Using these coordinate
designations, each sample 1n the mesh 700 can be referenced
according to 1ts umique coordinate (1, 1, t), such that a sample
1s routed from a source node and time-slot s(1, 1, t) to a
destination node and time-slot d(i, 1, t). For instance, FIG. 7
illustrates a sample 704 1n source node (4, 3) time-slot T2
designated as s(4, 3, 2). Likewise, a sample 706 1in destina-
tion node (2, 4) time-slot T3 1s designated as d(2, 4, 3).

As understood by those skilled in the art, routing of a
source node s(1,)) to a destination node d(1, j) can be
performed using a conventional store-and-forward routing
technique. Store-and-forward routing techniques which are
suitable for use with the present mvention are described, for
example, 1 the articles C. Scheideler and B. Vocking, “From
Static to Dynamic Routing: Eilicient Transformations of

Store-and-Forward Protocols,” SIAM Journal on Comput-
ing, Vol. 30, No. 4, pp. 1126-1155 (1999) and R. Cypher, F.

Meyer auf def Heide, C. Scheideler and B. Vocking, “Uni-
versal Algorithms for Store-and-Forward and Wormhole
Routing,” In Proc. of the 28th ACM Svmp. on Theory of
Computing (STOC), pp. 356365 (1996), which are incor-
porated herein by reference. Accordingly, a detailed expla-
nation of store-and-forward routing techniques will not be
presented herein. The address of the destination node 1s
preferably appended to each sample and 1s examined by
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cach node to determine whether to keep the sample or to
forward 1t towards 1ts ultimate destination node.

A routing technique may be employed which provides
deterministic latency for channel routing and constant size
memory requirements. Deterministic worst-case latency can
be 1msured by performing graph-theoretic precomputations
ofl-line. Preferably, a systolic sorting technique 1s used for
the store-and-forward routing to insure that the constant
memory size requirement 1s met, as will be understood by
those skilled in the art. In accordance with the present
invention, each node 702-1,1 through 702-4,4 1n the mesh
700 1s the source and/or destination of at most four samples
every clock cycle. Data traverses along the 1-axis and j-axis
through the array of nodes 1n the 2D mesh. Store-and-
forward routing can be performed 1n a contention-ifree or
contlict-free manner, as will be explained below. The control
necessary to perform such routing i1s preferably completely
distributed, although other routing control arrangements
suitable for use with the invention may be similarly
employed.

FI1G. 8 illustrates a functional block diagram of an exem-
plary node 802, formed in accordance with the present
invention. Node 802 1s consistent with any one of the nodes
602 1n the illustrative mesh of FIG. 6, for example. As
apparent from FIG. 8, node 802 preferably comprises a
number of functional sub-circuits or blocks, including a
receiver (Rx) 812, a transmitter (1x) 814, a butler block 808
which actually comprises three n-byte buflers functioning as
an mput time-slot-interchanger (TSI), an output TSI and a
routing bufler, a connection memory or map 810, and a
controller 816. In order to transfer data samples between
adjacent nodes 1n the mesh, node 802 includes a plurality of
pairs of halt-duplex links 800. For the exemplary node 802,
four pairs of half-duplex links 800 are shown. Consistent
with the half-duplex links 604 shown 1n FIG. 6, each pair of
half-duplex links 800 preferably includes an outgoing link
804 for transmitting data from node 802 to one or more
adjacent nodes, and an incoming link 806 for receiving data
from one or more adjacent nodes. Although depicted as
separate functional blocks, it 1s to be appreciated that one or
more blocks included 1n node 802 may be combined with or
incorporated into one or more other functional blocks. For
example, receiver 812 and transmitter 814 may be imple-
mented as a single transceiver which incorporates both the
receiver and transmitter functions.

The recerver 812 and transmitter 814 are preferably
operatively coupled to one or more line cards, which are
often external to the cross-connect, such as via a backplane
or alternative connection arrangement. The line cards trans-
mit data to and/or receive data from, for example, fiber optic
links 1n the SONET. The receirver 812 and transmitter 814
may be implemented using, for example, a serializer/dese-
rializer (SERDES). The SERDES transmits a serial data
stream chip-to-chip at high speeds (e.g., 2.5 GHz) and uses
multiplexing and demultiplexing for transferring a parallel
data stream on-chip at a slower speed (e.g., 312 MHz),
which 1s generally some multiple (e.g., 14) of the serial data
stream. The receiver 812 preferably includes an 1input/output
(I/0) interface for receiving external data (e.g., from ofl-
chip), aligns the data to recover samples, and forwards the
data to the mput TSI in bufler block 808. Likewise, the
transmitter 814 preferably includes an I/O interface for
receiving samples from the output TSI 1n block 808, frames
the data for transmission, and sends the data ofl-chip.

With continued reference to FIG. 8, the three n-byte
buflers comprising bufler block 808 may be implemented,
for example, using random access memory (RAM) of a
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predetermined size. Each of the three buflers preferably
includes enough memory to store the n samples that are
switched per period. For example, 11 there are 48 samples
switched per period, then each of the three buflers 1n block
808 requires 48 bytes of storage. The connection map 810
also preferably includes 48 entries, each entry corresponding
to a sample and including enough bits to specily the desti-
nation node and time-slot. As previously stated, each node
802 may include four pairs of half-duplex links 800. Each
link 800 can be configured to transmit or receive all the data
in builer block 808 simultaneously. Accordingly, for the
example case where there are 48 samples per period, each
link 800 can send or receive 48 bytes of data. The four links
800 allow multiple nodes to be operatively mterconnected to
form a 2D mesh, as shown 1n FIG. 6.

Builer block 808 preferably operates 1n conjunction with
the receiver 812 and transmitter 814. Specifically, data
arriving from ofl-chip that needs to be switched 1s received
from the receiver 812, where clock and data 1s recovered by
the SERDES and 1s demultiplexed to form a sample (e.g., a
byte or 8-bits). The sample 1s then stored 1n one of the three
n-byte buflers 1n block 808. Depending upon the destination
node, as obtained from the connection map 810, the sample
1s transterred over one of the four outgoing halt-duplex links
804. Conversely, samples received from adjacent nodes
arrive on one of the four incoming halt-duplex links 806 and
1s stored 1n one of the three n-byte bullers 1n block 808. A
received sample that has not yet reached 1ts destination node
will be stored 1n block 808 for one clock cycle and then
transmitted to an adjacent node which 1s closer to 1ts final
destination. A byte that has reached its final destination node
1s transierred from one of the three n-byte buflers in block
808 to the transmitter 814 which multiplexes the sample to
a bit serial data stream and transiers the data ofl-chip.

Controller 816 1s operatively coupled to the recerver 812
and transmitter 814 and functions primarily to control all
operations of the node, including the routing of data through
a corresponding node 802. Since the functionality of the
controller 816 1s essentially fixed, 1t can be hardwired
(which 1s generally more eflicient than a software pro-
grammed microprocessor, at least i terms of speed), for
example, as a state machine operatively configured to per-
form the data routing function 1n accordance with a pre-
defined set of steps, as will be explained 1n further detail
below. It 1s to be appreciated, however, that other alternative
implementations of the controller 816 are contemplated by
the present invention, such as, but not limited to, a micro-
processor configured to execute one or more soltware appli-
cation programs. Accordingly, an application program, or
soltware components thereof, including 1nstructions or code
for performing the methodologies of the invention, as will be
further described herein, may be stored in one or more
associated storage media (e.g., read-only-memory (ROM),
fixed or removable storage, etc.) and, when ready to be
utilized, loaded in whole or 1 part (e.g., into RAM) and
executed by the controller 816.

A primary problem of routing samples on a mesh archi-
tecture 1s simplified by exploiting the fact that the source-
to-destination mapping i1s inherently known a prior1 1 a
circuit-switching network. Therefore, calculations per-
formed off-line are used to advantageously reduce routing
complexity. According to the present invention, calculations
used to perform conflict-free store-and-forward routing in a
one-dimensional (1D) linear array are first described. Next,
additional calculations are presented for reducing a 2D mesh
routing problem into a plurality of simple 1D routes that are
substantially collision-iree.
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The connection map 810 1n each node 802 1s operatively
coupled to the controller 816 and preferably stores informa-
tion regarding where data received by the node 802 1s
coming from and where the data needs to go. The connection
map 810 may be implemented, for example, using RAM or
other suitable storage media. Based at least 1n part on the
information stored in the connection map 810, the controller
816 orchestrates the flow of data through the cross-connect.

In accordance with one aspect of the invention, a method
for routing samples through the mesh 1s preferably reduced
to the following fundamental operations or steps:

1. Reorder samples within one or more source channels

using input TSIs with sequences precomputed ofi-line.

The sequences reduce routing in the 2D mesh to a

simpler one-to-one routing problem within each time-

slot. Any given time-slot in the channels can then be
viewed as an independent routing problem.

2. Route samples from a source channel to a destination
channel through the 2D mesh. For n time-slots, n 2D
mesh routes occur 1n parallel.

a. Perform 1D routing of samples 1n a first dimension
(e.g., column direction) 1n parallel using the results
of off-line precomputations which determine a des-
tination for each of the samples.

b. Perform 1D routing of the samples 1n a second
dimension (e.g., row direction) 1n parallel (i.e., sub-
stantially concurrently) so that samples are routed to
the correct nodes 1n the first dimension (e.g., correct
columns).

c. Perform 1D routing of the samples in the first
dimension (e.g., columns) in parallel (i.e., substan-
tially concurrently) so that each of the samples are
routed to a desired destination channel.

3. Reorder the samples within the destination channels
using output TSIs so that the samples are transmitted
during the correct time-slots.

The above methodology of the present invention 1s pret-
erably performed during every cross-connect period. A
mathematical formulation will be presented for cross-con-
nect routing on a mesh whereby certain useful results
derived from combinatorics and graph theory can be advan-
tageously exploited and applied to the present invention.
First, 1t will be shown how these results can be used for
routing samples 1n a 1D mesh, for example, a linear array,
which represents a special case of the 2D mesh (1.e., a 1xn
mesh). Using an algorithmic analysis of a graph-theoretic
model, a 2D mesh routing based on a predetermined number
of 1D routings can be devised, in accordance with the
present invention. Preferably, the methodology of the inven-
tion will formulate the channel routing as a one-to-one
routing problem.

Mapping to a One-to-One Routing

The general problem of deterministic routing on a mesh
can be diflicult due, at least 1n part, to the occurrence of
potential routing conflicts. Routing conflicts may occur
when two or more samples arrive at a given node and these
samples are destined to proceed along the same signal path
simultaneously. This situation 1s illustrated by way of an
exemplary 3x3 mesh depicted in FIG. 9. As shown in the
figure, consider a sample 904 originating from node 902-9
that 1s destined for node 902-2. One possible path for sample
904 1s via source node 902-9 to node 902-6 to node 902-3
and finally to destination node 902-2. Likewise, consider
another sample 906 originating from node 902-4 that is
destined for node 902-3. One possible path for sample 906
1s via source node 902-4 to node 902-5 to node 902-6 and
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finally to destination node 902-3. If sample 906 which
originates ifrom node 902-4 1s sent one cycle earlier than
sample 904 originating from node 902-2, there will ulti-
mately be a collision of the two samples 904, 906 which
occurs at node 902-6, since both samples are to be sent to
node 902-3 simultaneously.

As apparent from the above scenario, a contlict resolution
strategy 1s necessary. This implies that at least one of the
samples must either wait (e.g., be stalled) or be redirected
along an alternate route. Conventional contlict resolution
strategies generally require either additional memory to
store samples that are stalled, or require more latency to
deliver samples that traverse longer alternate paths, and thus
these conventional approaches are often eflicient and
costly. Moreover, the conflict resolution 1ssue becomes even
more complex when the number of potential contlicts within
a node 1increases (e.g., greater than two). Therefore, a
conilict-free routing methodology 1s preferred.

In accordance with the present invention, an eflicient
conilict-iree routing method 1s provided which 1s superior to
conilict resolution techniques conventionally employed, as
described above. By addressing the potential routing con-
flicts prior to routing the samples, the present imvention
advantageously eliminates the need for conventional contlict
resolution strategies. It can be demonstrated that a special
case ol one-to-one (1.e., 1D) routing in a mesh can be
performed contlict free, and that 2D or 3D routing can be
reduced to one or more one-to-one routings. Consider a 1D
cross-connect that includes m channels and assume that each
channel preferably transmits and receives one data sample
per clock cycle through the cross-connect. Therefore, a total
of m bytes are transmitted and received every cycle. Fur-
thermore, assume that there are n time-slots per channel,
which corresponds to n clock cycles of data. The n time-slots
represent one cross-connect period. Thus, one cross-connect
period corresponds to the transfer of mxn bytes of data
through the cross-connect.

Each byte corresponding to a given channel and time-slot
can be transierred to any other channel and time-slot within
the cross-connect period. By definition, each channel/time-
slot destination receives exactly one byte of data 1n a
cross-connect period. A destination channel and time-slot for
cach sample can be described using the tuple s(m,n), where
m 1s the particular channel and n 1s the time-slot. FIG. 10
illustrates a connection map 1000 representing an exemplary

1D source-to-destination routing in which the total number
of channels m 1s 4 (e.g., 1004, 1006, 1008, 1010) and the

total number of time-slotsnis 3 (e.g., 1012, 1014, 1016). For
example, a sample 1002 received on channel 3, time-slot 2
(1.e., s(3,2)) 1s shown with a destination of channel 2,
time-slot 1. This connection map 1000 will be utilized to
demonstrate the routing methodologies of the present inven-
tion.

By way of example only, consider a 1.28 terabit per
second (Tbit/s) cross-connect. In SONET, this would cor-
respond to 24,576 STS-1 channels (each STS-1 channel
having a data rate of 51.85 Megabits per second (Mbit/s)) or
32 STS-768 channels (each STS-768 channel having a data
rate of 39813.12 Mbait/s). A cross-connect having the nec-
essary data throughput could be achieved with a 256-
channel implementation, where each channel has a band-
width of about 5 Gigabits per second (Gbit/s). This
corresponds to a cross-connect period which includes 96
time-slots. Thus, 1n this example, m=256 and n=96. A more
detailed description of SONET may be found, for example,
in J. Goralski, “SONFET, Second Edition,” USA: McGraw-

Hill, 2000, which 1s incorporated herein by reference.
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Forming a methodology that allows samples to be stored-
and-forwarded through the mesh deterministically and efli-
ciently 1s an important design challenge. Ideally, memory
requirements and worst-case latency for any route through
the mesh must be minimal. We would like the worst-case
latency or “optimal time™ to be 2d-2 for a dxd mesh, where
d® is equal to m, the number of channels in the mesh.
Furthermore, we would like to achieve a minimum bufler
requirement or “optimal space” of 2xmxn, where, as previ-
ously defined, m 1s the number of channels 1n the mesh and
n 1s the number of time-slots 1 a given channel.

Communication through a mesh 1nterconnection network
has been studied extensively (see, e.g., D. E. Culler et al.,
“Parallel Computer Architecture,” Morgan Kauimann Pub-
lishers (1999), S. Y. Kung, “VLSI Array Processors,” Pren-
tice Hall (1988), and R. K. Ahuja et al., “Network Flows:
Theory, Algorithms, and Applications,” Prentice-Hall,
Englewood Cliffs, N.J. (1993), which are incorporated
herein by reference). The general problem 1s substantially
complex. Conventional solutions exist which are able to
route samples 1n optimal time but require at least 31 times
the optimal space. Alternatively, limiting communication to
permutation routing makes the solution space-optimal but
requires at least six times the optimal time. Moreover, most
optimal algorithms to date have significant multiplicative
constants and are therefore non-trivial to implement.

In accordance with the present mvention, the TDM cross-
connect problem has useful properties that are advanta-
geously exploited. If there are n sets of samples within a
cross-connect period that each have a unique source channel
and a unique destination channel, then routing can be
formulated, as will be described below, based on a special
case ol one-to-one routing. It can be demonstrated that a
one-to-one routing of samples 1n a mesh can always be
determined, and that using the result as a schedule leads to
a simple store-and-forward routing methodology that 1is
substantially space-optimal and time-optimal. In addition, a
store-and-forward methodology based on a one-to-one rout-
ing can be performed contlict free, as previously explained.

A mathematical derivation of a cross-connect scheduling
solution will now be described, 1n accordance with one
aspect of the mvention. A vertex set U(u) 1s preferably
defined, where each vertex u in set U corresponds to a
particular source channel. Similarly, a vertex set V(v) 1s
defined, where each vertex v 1n set V corresponds to a
particular destination channel. An edge set E(e) may be
defined, where each edge e 1n set E 1s incident to one vertex
u 1n set U and one vertex v in set V when a sample s 1s
required to be transferred from a source channel u to a
destination channel v. It 1s to be appreciated that a vertex u
in set U may be considered a source node while a vertex v
in set V may be considered a destination node.

For the above vertex set definitions, the number of ver-
tices 1 sets U and V correspond to the number of channels
in the cross-connect, such that [U=EVI=m. For the above edge
set definition, the number of edges 1n set E 1s equal to the
total number of samples during one cross-connect period,
such that [El=mxn. A graph G(U, V, E) 1s preferably defined
which includes the vertices u, v and edges ¢ 1n sets U, V and
E, respectively. By definition, the graph G 1s a k-regular
bipartite graph, where k in this istance 1s equal to the
number of time-slots n (see, e.g., D. B. West et al., “Intro-
duction to Graph Theory,” NI: Prentice Hall, 1996, which 1s
incorporated herein by reference).

FI1G. 11 illustrates a routing bipartite graph representation
1100 for the exemplary connection map 1000 shown 1n FIG.
10. As apparent from the figure, for example, samples 1124,
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1126, 1128 received on channel 1 correspond to source
vertex 1104 (e.g., u=1) in the bipartite graph 1100. The
destination vertices 1106, 1114, 1118, 1122 corresponding to
a particular source vertex 1104, 1112, 1116, 1120 will be
determined in accordance with the connection map 1000 for
the given routing. For example, sample 1124 received on
channel 1, time-slot 1 1n connection map 1000 indicates a
destination of channel 4, time-slot 1. Similarly, sample 1126
has a destination of channel 1, time-slot 3 and sample 1128
has a destination of channel 1, time-slot 2. The same
representations are used for the remaiming channels 2, 3, 4
in the connection map 1000. Note, that 1n some instances
there may be more than one edge between two vertices. For
example, the bipartite graph 1100 indicates two edges 1108,
1110 between source vertex 1104 and destination vertex
1106, ecach edge 1108, 1110 corresponding to difierent
time-slots 1n the source and destination vertices 1104, 1106,
respectively.

A matching M 1s preferably defined as a set of edges in set
E such that no two edges 1n mapping set M are adjacent to
the same vertex. If IMI=UI=VI, then the matching will be
maximal. A well-known mathematic theorem, namely,
Hall’s Matching Theorem described, for example 1n the text
M. Hall, *“An Algorithm for Distinct Representation,” Jour-
nal of Mathematical Sciences, pp. 2630 (1935), proves that
a k-regular bipartite graph always has a maximal matching
M of size UV, If the edges in mapping set M are removed
from the routing bipartite graph G, then the resulting graph
becomes a (k-1)-regular bipartite graph, which also has a
maximal matching of size [U=VI. In accordance with the
present invention, we can iteratively reduce the routing
bipartite graph G to obtain n sets of maximal matches, where
again n 1s the number of time-slots.

This recursive process 1s consistent with finding a mini-
mum coloring 1n a bipartite graph. As will be understood by
those skilled in the art, a minimum coloring is essentially an
assignment of colors to the edges of a bipartite graph G such
that no two edges imcident with a vertex have the same color
and the number of colors used 1s mimimal. As set forth 1n
Hall’s Matching Theorem, the minimum number of colors
that can be assigned 1n a k-regular bipartite graph 1s k.
Various polynomial time complexity algorithms have been
reported for finding maximal matching and minimum col-
orings 1n bipartite graphs, for example 1n the articles J.
Hopcroftet al., “An n>"* Algorithm for Maximum Matchings
in Bipartite Graphs,” SIAM Journal of Computing, Vol. 2,
No. 4 (December 1973), H. N. Gabow et al., “Algorithms for
Edge Coloring Bipartite Graphs and Multigraphs,” SIAM
Journal of Computing, Vol. 11, No. 1 (February 1982), A.
Schrijver, “Bipartite Edge Coloring in O(Am) Time,” SIAM
Journal of Computing, Vol. 28, No. 3, pp. 841-846 (Decem-
ber 1973), and J. Carpinell1 et al., “Applications of Edge-
Coloring Algorithms to Routing on Parallel Computers,”
Proceedings of the Third International Conference on
Supercomputing, Boston, Mass., pp. 249-257 (May 1988),
which are incorporated herein by reference.

Preferably, n sets of samples are determined with each set
including m samples, where n 1s the number of time-slots
and m 1s the number of channels, as previously stated. Each
of the m samples originate from one source channel and are
associated with a unique destination channel. This 15 essen-
tially equivalent to finding n maximal matchings that have n
disjoint sets of edges such that no two edges are incident
with the same vertex. The source-to-destination channel
mappings are used to construct a k-regular bipartite graph.
Subsequently, the bipartite graph 1s utilized to find n maxi-
mal matchings. Each set of matchings preferably defines a
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set of samples that are puts to the one-to-one routing
problem. The samples 1n each set of matchings may be
described using the tuple (u, v), where u and v represent the
source vertex and destination vertex, respectively, of a given
sample.

By way of example only, FIGS. 12 and 13 illustrate a
methodology for determining a maximal matching and
reducing the routing bipartite graph shown in FIG. 11, in
accordance with the present invention. With reference to
FIG. 12, an exemplary 3-regular bipartite graph 1200 is
reduced to a 2-regular bipartite graph 1202 by computing a
first matching M, representing all edges 1204, 1206, 1208,
1210 where no two edges 1n matching M, are incident with
the same vertex. These edges are deplcted as dotted lines 1n
the figure and correspond to the matchlng M,={(1.4), (2,1),
(3,3), (4, 2)} As previously stated, in matcmng M, each
channel 1s the source and destination of only one sample
When edges 1204, 1206, 1208, 1210 1n matching M, are
removed from the bipartite graph 1200, the 2-regular bipar-
tite graph 1202 results. In this reduced graph 1202, one or
more of the remaining edges 1212, 1214, 1216, 1218, 1220,
1222, 1224, 1226 share a common source vertex and des-
tination vertex with at least one other edge.

In FIG. 13, the exemplary 2-regular bipartite graph 1202
1s reduced to a 1-regular bipartite graph 1300 by computing
a second matching M, representing all edges 1302, 1304,
1306, 1308 where, 1n a manner consistent with the compu-
tation of matching M,, no two edges in matching M, are
incident with the same vertex. These edges are depicted as
dotted lines in the figure and correspond to the matching
M,={(1,1), (2,3), (3,2), (4,4)}. By removing edges 1302,
1304, 1306, 1308 from bipartite graph 1202, the 1-regular
bipartite graph 1300 1s determined. The resultant 1-regular
bipartite graph 1300 1s represented by the final matching
M,={(1,1), (2,3), (3,2), (4,4)}. The fact that matching M, is
the same as matching M, in this example 1s merely coinci-
dental. In this manner, the three sets of matchings, namely,
M,, M,, M,, each mapping including four samples, provides
a desired one-to-one source-to-destination channel mapping.
It 1s to be appreciated that the techniques of the present
invention described herein may be easily extended to com-
pute additional mappings for a larger set of samples (e.g., a
mesh having more channels and/or time-slots). Likewise, for
a smaller set of samples a reduced number of matchings may
be suflicient. Once all of the mappings have been determined
as described above, each matching 1s preferably assigned to
a unique time-slot. The time-slot that each matching 1is
assigned to 1s not critical and may in fact be arbitrary.

FI1G. 14 illustrates how row permutations, which may be
required for rearranging the time-slots of one or more
samples within each channel, are performed for operatively
aligning the matchings M,, M,, M;, as previously com-
puted, within the same time-slots, 1n accordance with the
invention. It 1s assumed 1n this illustrative row permutation
methodology that matching M, 1s assigned to time-slot 1.
Recall that M,={(1.,4), (2,1), (3,3), (4,2)}. Consequently,
cach sample that corresponds to this matching must be
permuted to time-slot 1. In accordance with matching M, ,
source channel 1 must be matched to destination channel 4.
Since the sample 1402 in time-slot 1 of connection map
1000 1s already destined to channel 4, no permutation 1s
required. However, since matching M, indicates that source
channel 2 1s matched to destination channel 1 and the sample
1404 presently in time-slot 1 of connection map 1000 1s
destined to channel 3 rather channel 1, that sample 1t 1s
permuted (e.g., interchanged) with the sample 1408 in
time-slot 2. With respect to channel 3, source channel 3 1s
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matched to destination channel 3 according to matching M, .
Since the sample 1406 in time-slot 1 of the connection map
1000 1s already destined for channel 3, no action 1s required.
Finally, matching M, requires source channel 4 to be
mapped to destination channel 2. Therefore, since the
sample 1410 1n time-slot 1 of the connection map 1000 1s
destined for channel 4 rather than channel 2 as desired, the
samples 1410 and 1412 1n time-slots 1 and 3, respectively,
of channel 4 are permuted.

The above permutation methodology 1s similarly per-
formed for the next matching M, . By definition, the samples
in the final matching M, will already be properly aligned 1n
their assigned time-slot, resulting in the permuted connec-
tion map 1400. For applications involving a larger number
of matchings, the techniques of the present invention
described herein are preferably recursively performed until
only one matching remains. It 1s to be appreciated that, 1n
accordance with the present invention, when permutations
within each of the channels are completed, each time-slot
will include samples having unique source and destination
channels.

Each time-slot 1n the illustrative permuted connection
map 1400 of FIG. 14 is considered a matching that 1s treated
as a separate routing problem. The mput TSI can reorder
samples so that all samples that are matched are mserted 1nto
the same time-slot. The output TSI 1s preferably responsible
for making sure samples are transmitted during the correct
output time-slot. Thus, 1n accordance with the present inven-
tion, the problem of routing samples 1n the cross-connect has
been reduced to one-to-one routing within each time-slot.

Contlict-Free Routing in a 1D Mesh

Now that techniques have been described for reducing a
2D mesh routing to a one-to-one routing problem, additional
graph theoretic analyses may be performed to turther reduce
the routing complexity, 1n accordance with another aspect of
the invention. First, we examine how to perform one-to-one
permutation routing on a 1D array of elements with hali-
duplex links. Routing on a 1D array can be formulated as a
parallel sorting problem. Each node in the 1D array 1s
preferably ordered from 1 to m, where m 1s an integer greater
than 1. Since exactly one sample 1s the source and destina-
tion of each node, the destination channel address 1s pret-
erably appended to each sample, and store-and-forward
routing 1s subsequently performed through the array. The
store-and-forward routing may be viewed as performing a
parallel sort on these destination channel addresses. Thus,
the architecture described herein 1s effectively a 1D systolic
array.

Since each node 1n the mesh array can transfer one sample
in each direction (except for the nodes on either ends of the
1D array), each node can transmit and receive two samples
cach cycle. Samples traveling in opposite directions can
never 1terfere with one another so there 1s never a conten-
tion 1ssue. Each sample moves one step closer to 1ts prede-
termined destination node every cycle. The routing requires
at most m-1 cycles to complete on an array of n nodes.

By way of example only, FIG. 15 illustrates a routing
technique on an exemplary 1D mesh which includes five
nodes (e.g., 1 through J3), 1n accordance with the present
invention. With reference to FIG. 15, several sequential
representations 1500, 1502, 1504, 1506, 1508 are shown,
cach of the representations illustrating a particular stage 1n
the process for routing samples through the exemplary 1D
mesh. In an initial configuration 1500, the sample 1510 1n
node 1 1s destined to node 4, the sample 1512 1n node 2 1s
destined to node 1, the sample 1514 1n node 3 1s destined to
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node 5, the sample 1516 1n node 4 1s destined to node 2, and
the sample 1518 in node 5 i1s destined to node 3. The
destination information for routing each of the samples
maybe precomputed ofi-line using the methodologies of the
invention as previously described (e.g., a connection map).

As apparent from the figure, samples 1510, 1514 being
routed from a lower number node to a higher number node
travel left to right. Similarly, samples 1512, 1516, 1518
being routed from a higher number node to a lower number
node travel from right to left. The above destination direc-
tions are, of course, arbitrarily chosen and 1t 1s to be
appreciated that the invention will function similarly 1f such
designations were reversed. During each clock cycle, every
sample 1s examined by a corresponding node receiving such
sample and the sample 1s stored 1f that node matches the
intended destination of the sample. If the node i1s not the
intended destination node of the sample being evaluated, the
sample 1s forwarded to an adjacent node. For example,
representation 1502 illustrates how the samples are moved
from respective storage buflers 1520 to buflers 1522
included in each node for forwarding the samples to an
adjacent node. In representation 1504, all samples have been
forwarded to respective bullers 1524 1n adjacent nodes to
once again be evaluated to determine 11 the particular node
matches an intended destination node of the sample. As
shown 1n representation 1506, the received sample 1512 1n
node 1 matches its destination node and 1s therefore stored
in node 1. All other samples have been forwarded. Repre-
sentation 1508 illustrates a final routing in which all samples
1510, have been forwarded to their respective destination
nodes. Clearly, the routing 1n this example i1s contlict-iree.

As previously explained, the 1D mesh may be used as a
spatial interconnection network of a TST cross-connect. It
has already been shown how the cross-connect can be
mapped to a one-to-one routing problem by permuting
samples 1 one or more time-slots such that each time-slot 1s
associated with a particular matching set. Each time-slot
(e.g., column) 1s then mapped to a 1D systolic array. For
example, after the permutations i FIG. 14 have been
completed, each of the three time-slots can be mapped to a
1D array including four nodes. Each 1D array routes
samples from source channels to destination channels 1n a
conflict-free manner. All samples reach their destination
nodes 1n at most three clock cycles.

One limitation with the 1D array, however, 1s the time
required to complete channel routing when the number of
channels 1s large. For instance, when the number of channels
1s greater than the number of time-slots then routing 1n the
1D array cannot be completed within one cross-connect
period. One solution 1n this case 1s to collect more than one
cross-connect period worth of data and then route multiple
periods of data 1 a parallel. While this satisfies the func-
tionality of the cross-connect, it comes at the expense of
potentially significant additional hardware (e.g, roughly, the
number of cross-connect periods times the amount of hard-
ware 1s required). Since a diameter of the 2D mesh, which
may be defined as the longest distance a sample 1s required
to travel, 1s smaller 1n comparison to the 1D mesh, the
techniques of the present invention are preferably employed
to determine a routing solution for a 2D mech architecture.

Contlict-Free Routing 1n a 2D Mesh

The techniques of the present invention described herein
may be operatively extended to provide an eflicient contlict-
free store-and-forward routing method which can be applied
to a 2D mesh. As previously stated, the 2D mesh comprises
a plurality of nodes pretferably arranged 1n a column and row
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configuration or array. The conflict-free store-and-forward
routing 1s essentially only possible when routing on the 2D
mesh can be reduced to recursively routing on the individual
columns and rows of the mesh. A precomputation can be
performed ofi-line for each column that finds a permutation,
whereby after performing the permutation there 1s at most
one sample 1n each row that 1s destined for any given
column. Once again, a bipartite graph representation can be

used to capture the source-to-destination mapping within
cach of the columns.

A mathematical dertvation of a cross-connect scheduling
solution will now be described, 1n accordance with another
aspect of the invention. In a manner consistent with the 1D
routing methodology previously described, a vertex set U(u)
1s preferably defined, where each vertex u in set U corre-
sponds to a particular source column. Likewise, a vertex set
V(v) 1s defined, where each vertex v in set V corresponds to
a particular destination column. An edge set E(e) may be
defined, where each edge e 1n set E 1s mcident with one
vertex u 1n set U and one vertex v 1n set V when a sample
s 1s required to be transierred from a source column u to a
destination column v. For the above vertex set definitions,
the number of vertices 1 sets U and V are expressed as
U=IVI=vVm, where m 1s the number of channels in the
cross-connect when a square mesh 1s utilized. For the edge
set definition, the number of edges in set E 1s equal to the
number of channels 1n the cross-connect, such that I[El=m. A
graph G(U, V, E) 1s preferably defined that includes the
vertices u, v and edges ¢ 1n sets U, V, and E, respectively. By
definition, the graph G 1s a k-regular bipartite graph, where
k for the 2D mesh routing case is expressed as k=vm. The
value k represents the maximum number of edges that are
incident to any node (i.e., the degree of the node).

We use the column routing bipartite graph G to find k
matchings. Each matching 1s a permutation that can be used
to sort the columns whereby after the column permutations
are performed there 1s at most one sample in each row
destined for any given column. After the application of the
column permutations, each row 1s transformed to a one-to-
one routing problem. We can then perform a 1D sorting of
all the rows 1n parallel so that afterwards, all the samples are
in the correct columns. Once all of the samples are in their
correct columns, by definition, sorting of the columns
becomes a one-to-one routing problem. Finally, we perform
a 1D sort of the columns to complete the 2D routing. The
entire channel routing procedure requires at most 3d-3
cycles to complete for a dxd mesh, where d can be any
positive integer.

FIG. 16 1s an exemplary 4x4 mesh implementation of a
16-node cross-connect 1llustrating an instance ol a one-to-
one routing problem, 1n accordance with the present inven-
tion. FIG. 16 1s representative ol an exemplary routing
which may occur during one of the time-slots of the cross-
connect after the mput TSI computes matching permuta-
tions. As apparent from the figure, the nodes 1602-al
through 1602-d4 are arranged as a 2D mesh 1600 with
columns 1 through 4 and rows a through d. Each node in the
mesh 1600 1s preferably coupled to one or more adjacent
nodes via a pair of half-duplex links which are represented
in FIG. 16 as bidirectional arrows 1604, consistent with the
half-duplex links shown 1n the mesh of FIG. 6. A particular
node 1n the mesh 1600 may be referenced according to its
unique row 1 and column 1 by the tuple (1,7). Similarly, each
sample y(1, 1) associated with a given node 1s destined to row
1 and column j. Note, that each node 1s a source and a
destination of one sample. For example, node (a, 1) 1s a
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source node of sample y(b, 2) and 1s a destination node of
sample y(a, 1) originating 1n source node (a, 3).

FIG. 17 illustrates a column routing bipartite graph rep-
resentation 1700 corresponding to the mesh of FIG. 16,
along with a matching that could be used to permute samples
into the first row a. The representation 1700 may be con-
sidered a 4-regular bipartite graph since there are four
columns associated with this i1llustrative mesh. Note, that in
some cases there 1s more than one edge between two same
vertices. For example, vertex 1702 and vertex 1704 have
three common edges 1706, 1708, 1710. This situation was
similarly addressed above 1n connection with a one-to-one
routing methodology.

In a manner consistent with that used in the one-to-one
routing example previously described, the k-regular bipartite
graph 1s preferably reduced to a (k-1)-regular bipartite
graph by computing a first matching M, wheremn no two
edges 1n the matching are incident with the same vertices.
Matching M, may then be removed from the bipartite graph
to form a reduced bipartite graph. This reduction procedure
1s 1iteratively performed, i accordance with the present
invention, until a 1-regular bipartite routing graph results. In
the 1-regular bipartite graph, only one edge exists between
any two vertices. Again, Hall’s Matching Theorem can be
employed to determine the maximal matchings. The match-
ings indicate which samples need to be permuted into the
same row. As previously explained, 1t does not matter which
row a particular matching 1s associated with and a matching
may, 1n fact, be arbitrarily selected to correspond to a given
row.

FIG. 17 depicts a first matching 1720 which has been
selected for row a such that M _={(1, 3), (2,4), (3, 1), (4, 2)}.
As apparent from the figure, matching M 1includes edges
1706, 1712, 1714 and 1716. With reference again to FIGS.
16 and 17, 1n accordance with matching 1720, the sample
v(c, 3) in column 1 row d that i1s destined to column 3 1s
permuted to row a. Similarly, the sample y(a, 4) 1n column
2 row c that 1s destined to column 4 i1s permuted to row a,
and sample y(a, 1) 1n column 3 row a destined to column 1
1s not permuted but instead remains in row a. Finally, sample
y(c, 2) in column 4 row b destined to column 2 1s permuted
to row a. Permutations are performed 1n a similar manner for
the three remaining matchings corresponding to rows b
through d. The above permutation process 1s preformed
during a first phase of the 2D routing methodology of the
present mvention.

FIG. 18 illustrates the exemplary 4x4 mesh 1800 after all
column permutations have been performed. Note, that after
the permutations, there 1s at most one sample y(1, 1) 1n each
row a through d destined for any column 1 through 4 in that
row. In a second phase of the 2D routing methodology of the
present mvention, samples 1 each of the rows are sorted
(e.g., routed 1n a row direction) such that each sample 1s
destined to 1ts correct column. For example, with respect to
row a, sample y(c, 3) in column 1 row a 1s routed to column
3 row a, sample y(a, 4) 1n column 2 row a 1s routed to
column 4, etc. Once again, this 1s a one-to-one routing
problem 1n a 1D array and therefore the techniques of the
present invention previously described may be utilized. FIG.
19 depicts the mesh 1900 after row sorting throughout the
mesh has been completed, in accordance with the invention.

In a third and final phase of the 2D routing methodology
of the present invention, samples in each of the columns are
sorted (e.g., routed in a column direction) whereby all
samples reach their final destination nodes. For example,
with respect to column 1, sample y(a, 1) 1n column 1 row a
remains 1in i1ts present node, sample y(c, 1) 1n column 1 row
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b 1s routed to column 1 row c, etc. FIG. 20 depicts the mesh
2000 after the final column sorting throughout the illustra-
tive mesh has been completed. As apparent from the figure,
all samples have reached their intended destination nodes.
Subsequently, the output TSIs permute corresponding
samples 1 each node so that the data 1s sent during the
correct time-slot.

In accordance with one aspect of the present invention,
ofl-line matching computations are used to determine one-
to-one channel routing in a 2D mesh by performing three
iterations of 1D sort-based routing. In a first 1teration, the
columns are sorted based on the permutations determined
from the matchings, as described above. In a second itera-
tion, each of the rows 1n the mesh are sorted 1n accordance
with a predefined sorting technique as will be understood by
those skilled 1n the art. Finally, in a third iteration, each of
the columns 1 the mesh are sorted. It 1s to be appreciated
that the same results are achieved 11 the matching permuta-
tions are applied to the rows rather than to the columns as
previously described. In this case, 1D sorting 1s first per-
formed on the rows, then on the columns, and finally on the
rows. Furthermore, although the exemplary 2D mesh was a
dxd (1.e., square) mesh, the present invention similarly
contemplates that the 2D mesh can also be rectangular (e.g.,
an mxn mesh, where m 1s not equal to n). In this case, d
would represent the maximum number of nodes 1n either the
row or the column direction.

(Given the functionality described herein, operation of the
mesh-based cross-connect preferably occurs 1n three distinct
phases, as previously described. During a first phase,
samples read from each receive channel are permuted with
the mput TSIs 1n each of the corresponding channels such
that each time-slot has samples that satisfy requirements for
one-to-one routing. The permutations are based on the first
ofl-line matching calculations that are captured in the con-
nection memory. During a second phase, channel routing 1s
performed using the column (or row) permutations that were
computed ofl-line and stored in the connection memory.
During a third phase, the output TSIs permute corresponding
samples such that they are transmitted during an appropriate
time-slot. These three phases are preferably pipelined and
may be performed concurrently, whereby samples are pro-
cessed at a throughput which 1s three times {faster, as
compared to if the three phases were not performed con-
currently, during any given cross-connect period.

The cross-connect architecture of the present invention
has several mherent advantageous features which make 1t
particularly well-suited for implementation 1n a VLSI semi-
conductor device due, at least in part, to the incorporation of
the mesh topology described herein. Such advantages
include, but are not limited to, simplicity, modularity and
regularity. Furthermore, the architecture of the invention
requires only local communication, which may substantially
reduce the required interconnect and/or pin count in the
semiconductor device. The mesh architecture of the present
invention makes 1t an ideal solution for area-based flip-chip
technologies. Package substrate connections can be placed
vertically above on-chip I/O dnivers for substantially zero
signal skew and IR drop.

A preferred implementation of the present invention may
employ a single channel as a primary functional block that
can be replicated 1n two or more dimensions 1 order to
obtain a desired bandwidth. This can be achieved, for
example, with a configurable channel controller (not shown)
operatively coupled to each of the channels. The channel
controller may be used to selectively configure each single
channel as an interior node or as a periphery node (1.e., a
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node on the periphery of the mesh), as understood by those
skilled 1n the art. Configuration registers operatively coupled
to the configuration controller may be used to selectively
define a given channel as an interior node or as a periphery
node. When the channel 1s configured as an interior node, 1t
can be programmed to utilize all four hali-duplex links.
Likewise, when the channel i1s configured as a periphery
node, 1t can be programmed to selectively disable one or
more half-duplex links that are not being used.

A conventional methodology can be used for updating the
connection memory, as known by those skilled 1n the art. In
addition to the n-byte wide half-duplex links used {for
channel routing, an additional link may be included for
concurrent updating of alternate sets of connection memory
while channel routing 1s being performed. A simple conven-
tional protocol, such as, for example, a west-first then
south-last store-and-forward protocol, may be used to
update the connection memory in mxn clock cycles for an
mxn mesh.

For certain applications, such as, but not limited to, rapid
network recovery, it may be necessary to complete ofl-line
computations within certain predetermined specifications.
One way to address this 1ssue 1s by including a dedicated
graph-matching engine (not shown). Since the ofl-line cal-
culations are generally limited to a few 8-bit algorithmic
logic umt (ALU) operations per iteration for a simple
matching algorithm (e.g., an augmenting path approach, as
understood by those skilled 1n the art), a VLSI implemen-
tation of such graph-matching engine would be reasonable.

Multiple-Chip 3D Mesh Architecture

There are at least two primary limitations to building
multi-Gbit/s single-chip cross-connects, namely, maximum
power dissipation using present packing technology and
maximum pin count (1.e., largest number of I/O pins avail-
able 1n the package). Accordingly, a technique for extending
the 2D mesh architecture to a 3D mesh using multiple chips
will be described, 1 accordance with another aspect of the
invention.

In FIG. 7, a 2D mesh architecture was illustrated using a
3D representation model including time-slots as a third
dimension. One approach that can be used to increase
cross-connect bandwidth 1s to employ multiple chips to
increase the number of time-slots per period. FIG. 21
illustrates an exemplary cross-connect implementation for
extending the number of time-slots in the example i FIGS.
7 to 12 time-slots using four chips (e.g., chip 1 through chip
4), 1n accordance with the present invention. In the 1llustra-
tive cross-connect, each chip includes three time-slots and a
same number of channels or nodes 2100-1,1 through 2100-
4.4. For each sample, the coordinates (1,1) preferably specitly
a particular channel address, coordinate ¢ preferably speci-
fies a particular chip, and coordinate t preferably specifies a
time-slot within a given chip. Each sample 1s routed from a
source channel, chip, and time-slot s(1, 1, ¢, t) to a destination
channel, chip, and time-slot d(1.j, c, 1).

Although the hyperplanes illustrated 1in FIG. 21 partition
the time-slots into segments, the set of time-slots associated
with each channel are functionally equivalent to the smgle
chip case and the techniques for permuting samples 1n
channels to formulate routing between channels as one-to-
one routing still holds. One difference with the multiple-chip
architecture 1s that the permutations of samples within a
channel may require the sample to be transiferred to a
time-slot 1n another chip. Since the TSI memory 1s distrib-
uted across different chips, an additional mechanism 1s
required.
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The time-slot segments are viewed as nodes 1n a 1D linear
array. Samples that arrive on one chip that are required to be
permuted to another chip are transported using the 1D
systolic array architecture described earlier. The multi-chip
architecture 1s a 3D mesh with samples systolically trans-
ported iteratively in each dimension. In order to support
chip-to-chip transier of samples within channels, up to two
additional sets of recerver (Rx) and transmitter (ITx) I/O
interfaces may be required. Speciﬁcally, where a given chip
in the multiple-chip architecture 1s adjacent to two other
chips, a first set of Rx and Tx I/O interfaces 1s required for
the transier of samples to one adjacent chip and a second set
of Rx and Tx interfaces 1s required for the transfer of
samples to the other adjacent chip.

Although 1illustrative embodiments of the present inven-
tion have been described herein with reference to the accom-
panying drawings, 1t 1s to be understood that the invention
1s not limited to those precise embodiments, and that various
other changes and modifications may be made therein by
one skilled 1n the art without departing from the scope or
spirit of the invention.

What 1s claimed 1s:

1. A synchronous cross-connect switch, comprising:

a mesh architecture including a plurality of inputs for
receiving one or more data samples presented to the
cross-connect switch, the mesh architecture comprising,
a plurality of nodes operatively interconnected with one
another using one or more half-duplex links, each of the
nodes comprising;:

a rece1ver for receiving at least one data sample presented
to the node;

a transmitter for transmitting at least one data sample
from the node;

an input time-slot-interchanger (1SI) operatively coupled
to at least a first half-duplex link and to the recerver, the
input TSI being configurable to selectively reorder one
or more data samples recerved by the receiver;

an output TSI operatively coupled to at least a second
half-duplex link and to the transmitter, the output TSI
being configurable to selectively reorder one or more
data samples to be transmitted by the transmitter; and

a controller operatively coupled to the receiver and trans-
mitter, the controller being configured to selectively
route a data sample to at least one of: (1) an output of
the cross-connect switch; and (1) an adjacent node 1n
the mesh architecture;

wherein the controller comprises at least one processor
operative to: (1) precompute one or more routing
sequences, the routing sequences reducing a routing in
the mesh architecture to a one-to-one routing within
cach of one or more time-slots associated with the
node; (11) reorder the one or more data samples within
one or more source nodes in accordance with the
precomputed routing sequences; (111) route the one or
more data samples from the one or more source nodes
to one or more corresponding destination nodes
through the mesh; (1v) reorder the one or more data
samples within the destination nodes, whereby the data
samples are transmitted during a correct time-slot; and
(v) partition the one or more time-slots associated with
the nodes 1nto a plurality of segments, each of the
segments 1ncluding a same number of nodes, each of
the nodes including a subset of the one or more
time-slots such that the one or more time-slots are
distributed across the plurality of segments; wherein
the reordering of the data samples within one or more
source nodes, the routing of the data samples from one
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or more source nodes to one or more destination nodes,
and the reordering of the data samples within the
destination nodes are performed substantially in paral-
lel within each of the plurality of segments.

2. The cross-connect switch of claim 1, wherein the
controller 1s configured to selectively route the one or more
data samples 1n a contlict-free manner.

3. The cross-connect switch of claim 1, wherein at least
one of the nodes further comprises a routing builer opera-
tively coupled to the input TSI and the output TSI, the
routing buller being configured to at least temporarnly store
at least one data sample during a reordering of the one or
more data samples.

4. The cross-connect switch of claim 1, wherein at least
one of the nodes turther comprises a connection map opera-
tively coupled to the controller, the controller selectively
routing one or more data samples 1n the node 1n accordance
with information stored in the connection map.

5. The cross-connect switch of claim 1, wherein at least
one of the receiver and the transmitter comprises a serializer/
desenalizer (SERDES).

6. The cross-connect switch of claim 1, wherein the
receiver and the transmitter each include an nput/output
(I/0) interface for operatively transferring a data sample
between the node and the mesh architecture.

7. The cross-connect switch of claim 1, wherein at least
one of the nodes further comprises a transceiver operatively
coupled to the controller, wherein the receiver and the
transmitter are included in the transceiver.

8. A method of routing one or more data samples through
a cross-connect switch, the cross-connect switch including a
plurality of nodes operatively coupled in a mesh arrange-
ment, each of the nodes including one or more time-slots
associated therewith, the method comprising the steps of:

precomputing one or more routing sequences, the routing

sequences reducing a routing in the mesh to a one-to-
one routing within each of the time-slots;

reordering the data samples within one or more source

nodes in accordance with the precomputed routing
sequences;

routing the data samples from the one or more source

nodes to one or more corresponding destination nodes
through the mesh arrangement; and

reordering the data samples within the destination nodes,

whereby the data samples are transmitted during a
correct time-slot;

wherein the step of routing the data samples from the one

or more source nodes to the one or more corresponding

destination nodes comprises the steps of:

routing the data samples 1n a first dimension 1n parallel
in accordance with the precomputed routing
sequences to determine corresponding destination
nodes:

routing the data samples 1n a second dimension 1n
parallel, whereby the data samples are routed to
intended nodes 1n the first dimension; and

routing the data samples in the first dimension 1n
parallel whereby each of the data samples are routed
to the corresponding destination nodes.

9. The method of claim 8, wherein the step of routing the
data samples from the one or more source nodes to the one
or more corresponding destination nodes 1s performed 1n a
conilict-iree manner.

10. The method of claim 8, wherein the step of routing the
data samples from the one or more source nodes to the one
or more corresponding destination nodes 1s implemented
using a store-and-forward routing.
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11. The method of claim 10, wherein the store-and-
forward routing of the data samples turther includes the step
of performing systolic sorting of the data samples.

12. The method of claim 8, wherein the step of precom-
puting one or more routing sequences comprises the step of
computing a graph-theoretic model {for the routing
sequences.

13. A method of routing one or more data samples through
a cross-connect switch, the cross-connect switch including a
plurality of nodes operatively coupled in a mesh arrange-
ment, each of the nodes including one or more time-slots
associated therewith, the method comprising the steps of:

precomputing one or more routing sequences, the routing
sequences reducing a routing in the mesh to a one-to-
one routing within each of the time-slots;

reordering the data samples within one or more source
nodes 1n accordance with the precomputed routing
sequences;

routing the data samples from the one or more source
nodes to one or more corresponding destination nodes
through the mesh arrangement;

reordering the data samples within the destination nodes,
whereby the data samples are transmitted during a
correct time-slot; and

partitioning the one or more time-slots associated with the
plurality of nodes 1nto a plurality of segments, each of
the segments mcluding a same number of nodes, each
of the nodes including a subset of the one or more
time-slots such that the one or more time-slots are
distributed across the plurality of segments;

wherein the steps of reordering the data samples within
one or more source nodes, routing the data samples
from the one or more source nodes to one or more
corresponding destination nodes, and reordering the
data samples within the destination nodes are per-
formed substantially 1in parallel within each of the
plurality of segments.

14. An integrated circuit including at least one synchro-
nous cross-connect switch, the at least one synchronous
cross-connect switch comprising:

a mesh architecture including a plurality of inputs for
receiving one or more data samples presented to the
cross-connect switch, the mesh architecture comprising,
a plurality of nodes operatively interconnected with one
another using one or more half-duplex links, each of the
nodes comprising:

a receilver;

a transmitter:;

an input time-slot-interchanger (‘1SI) operatively coupled
to at least a first half-duplex link and to the recerver, the
input TSI being configurable to selectively reorder one
or more data samples recerved by the receiver;

an output TSI operatively coupled to at least a second
half-duplex link and to the transmitter, the output TSI
being configurable to selectively reorder one or more
data samples to be transmitted by the transmitter; and

a controller operatively coupled to the receiver and trans-
mitter, the controller being configured to selectively
route a sample to at least one of: (1) an output of the
cross-connect switch; (11) and an adjacent node 1n the
mesh architecture;

wherein the controller comprises at least one processor
operative to: (1) precompute one or more routing
sequences, the routing sequences reducing a routing in
the mesh architecture to a one-to-one routing within
cach of one or more time-slots associated with the
node; (11) reorder the one or more data samples within
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one or more source nodes in accordance with the
precomputed routing sequences; (111) route the one or
more data samples from the one or more source nodes
to one or more corresponding destination nodes
through the mesh; (1v) reorder the one or more data
samples within the destination nodes, whereby the data
samples are transmitted during a correct time-slot; and
(v) partition the one or more time-slots associated with
the nodes 1nto a plurality of segments, each of the
segments including a same number of nodes, each of
the nodes including a subset of the one or more
time-slots such that the one or more time-slots are
distributed across the plurality of segments; wherein
the reordering of the data samples within one or more
source nodes, the routing of the data samples from one
or more source nodes to one or more destination nodes,
and the reordering of the data samples within the
destination nodes are performed substantially in paral-
lel within each of the plurality of segments.

15. The mtegrated circuit of claim 14, wherein the con-
troller 1s configured to selectively route the one or more data
samples 1in a conflict-free manner.

16. The integrated circuit of claim 14, wherein at least one
of the nodes further comprises a routing builer operatively
coupled to the mput TSI and to the output TSI, the routing
builer being configured to at least temporarily store a data
sample during a reordering of the one or more data samples.

17. The integrated circuit of claim 14, wherein at least one
of the nodes further comprises a connection map operatively
coupled to the controller, the controller selectively routing
one or more data samples 1n the node 1 accordance with
information stored 1n the connection map.

18. The integrated circuit of claim 14, wherein at least one
of the receiver and the transmitter comprises a serializer/
desenalizer (SERDES).

19. The integrated circuit of claim 14, wherein at least one
of the nodes further comprises a transceiver operatively
coupled to the controller, wherein the receiver and the
transmitter are included in the transceiver.

20. A synchronous cross-connect switch, comprising:

a distributed mesh architecture including a plurality of
inputs for recerving one or more data samples presented
to the cross-connect switch, the distributed mesh archi-
tecture comprising a plurality of segments, each of the
segments including a plurality of nodes associated
therewith, the nodes 1 each of the segments being
operatively interconnected with one another using one
or more half-duplex links, each of the nodes compris-
ng:

a plurality of receivers, at least one of the plurality of
receivers being configured to receive a data sample
presented to the node;

a plurality of transmitters, at least one of the plurality of
transmitters being configured to transmit a data sample
from the node;

an 1iput time-slot-interchanger ('TSI) operatively coupled
to at least a first half-duplex link and to the receiver, the
input TSI being configurable to selectively reorder one
or more data samples recerved by the at least one
recelver:;

an output TSI operatively coupled to at least a second
half-duplex link and to the transmitter, the output TSI
being configurable to selectively reorder one or more
data samples to be transmitted by the at least one
transmitter; and

a controller operatively coupled to the plurality of receiv-
ers and to the plurality of transmitters, the controller
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being configured to selectively route a data sample to at
least one of: (1) an output of the cross-connect switch;
(11) an adjacent node 1n a same segment 1n the mesh
architecture; and (111) an adjacent node 1n an adjacent
segment 1n the mesh architecture;

wherein the controller comprises at least one processor
operative to: precompute one or more routing
sequences, the routing sequences reducing a routing in
the distributed mesh architecture to a one-to-one rout-
ing within each of one or more time-slots associated
with the node; reorder the one or more data samples
within one or more source nodes 1n accordance with the
precomputed routing sequences; route the one or more
data samples from the one or more source nodes to one
or more corresponding destination nodes through the
mesh; route the data samples 1 a first dimension 1n
parallel in accordance with the precomputed routing
sequences to determine the corresponding destination
nodes; route the data samples 1n a second dimension in
parallel whereby the data samples are routed to
intended nodes 1n the first dimension; route the data
samples 1n the first dimension 1n parallel whereby each
of the data samples are routed to the corresponding
destination nodes:; and reorder the one or more data
samples within the destination nodes whereby the data
samples are transmitted during a correct time-slot.

21. The cross-connect switch of claim 20, wherein at least

one of the plurality of nodes further comprises a connection
map operatively coupled to the controller, the controller
selectively routing one or more data samples 1n the node 1n
accordance with information stored in the connection map.

22. The cross-connect switch of claim 20, wherein at least

one of the plurality of nodes further comprises a routing
bufler operatively coupled to the mput TSI and the output
TSI, the routing buller being configured to at least tempo-
rarily store at least one data sample during a reordering of
the one or more data samples.

23. A synchronous cross-connect switch, comprising:

a mesh architecture including a plurality of inputs for
receiving one or more data samples presented to the
cross-connect switch, the mesh architecture comprising,
a plurality of nodes operatively interconnected with one
another using one or more half-duplex links, each of the
nodes comprising;:

a rece1ver for receiving at least one data sample presented
to the node;

a transmitter for transmitting at least one data sample
from the node;

an input time-slot-interchanger (‘1SI) operatively coupled
to at least a first half-duplex link and to the recerver, the
input TSI being configurable to selectively reorder one
or more data samples recerved by the receiver;

an output TSI operatively coupled to at least a second
half-duplex link and to the transmitter, the output TSI
being configurable to selectively reorder one or more
data samples to be transmitted by the transmitter; and

a controller operatively coupled to the receiver and trans-
mitter, the controller comprising at least one processor
operative to: precompute one or more roufing
sequences, the routing sequences reducing a routing in
the mesh architecture to a one-to-one routing within
cach of one or more time-slots associated with the
node; reorder the one or more data samples within one
or more source nodes 1n accordance with the precom-
puted routing sequences; route the one or more data
samples from the one or more source nodes to one or
more corresponding destination nodes through the
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mesh by routing the data samples 1n a first dimension
in parallel 1n accordance with the precomputed routing
sequences to determine the corresponding destination
nodes, routing the data samples 1n a second dimension
in parallel whereby the data samples are routed to
intended nodes 1n the first dimension, and routing the
data samples 1n the first dimension 1n parallel whereby

28

cach of the data samples are routed to the correspond-
ing destination nodes; and reorder the one or more data
samples within the destination nodes whereby the data
samples are transmitted during a correct time-slot.
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